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Density survey, Velocity Survey, Acceleration Survey  
Einstein: “Acceleration = Gravity”  

Achieving cm/s velocity accuracy in spectroscopy 
enables 4 major science cases: 
• Cosmic redshift drift and direct detection of cosmic acceleration  

• Earth mass exoplanet detection from radial velocities  

• Milky Way structure mapping through stellar accelerations [UL axions] 

• Dark matter properties through Milky Way gravity mapping 

• Biomedical, National security/remote sensing, Fusion 

Acceleration Surveys

Breakthroughs on science and technology sides 
- Recognition of synergy between science cases 
- Recognition that low redshift spectroscopy is sweet spot, complementary 

- Technology advances, e.g. crossfading
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“Redshift z gives velocity, Redshift drift ż gives acceleration”  

Proposed as cosmology probe McVittie (1962), Sandage (1962). 
Revisited in 70s, 80s; dark energy probe Linder (1997).  

Survey: strategy, systematics, full theory Kim, Linder, 

Edelstein, Erskine 1402.6614 ; Astro2020 Erskine+ 1903.05656  

Basics:  
• Differential measurements are more robust than absolute ones. 
• Use doublet lines to measure cosmic expansion differentially. 
• Use interferometer to compare signals from two arms.  
• Use delays “shift symmetry” to cancel instrumental systematics.  

Technology: 2016 – demo on Hale Telescope of 10x resolution gain, 
20x stability gain. 2018 – GPI 100x resolution gain on biomarkers. 2019 – 
“crossfading” lab demonstration of 1000x stability gain.

Cosmic Acceleration
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Redshift Drift (+ CMB)

If redshift drift z can be measured, it has powerful 
complementarity with CMB.

Δz ! cm/s (Δt/3y) 

Leverage ranges from 
independent crosscheck 
to 3x above Stage 4. 

Optimal range z<0.5.  

Need lots of photons, e.g. 
ELTs best, 10m ~ok. 

US

Eur
CODEX; not differential, not interferometry
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Abstract

Externally Dispersed Interferometry (EDI) has been used since 1998 to detect 
exoplanets and perform high resolution spectroscopy, 

1 to 3 orders of magnitude more robust to wavelength drifts than conventional 
dispersive spectrographs

for Doppler radial velocimetry1–9 and high-resolution
spectroscopy.10–15 Other workers have adopted the EDI method
from our laboratories and demonstrated a Doppler planet
detection.5 We have demonstrated EDI in both applications in
the near-infrared at the Hale 5-m telescope at Mt. Palomar
Observatory (Fig. 1) with a version called TEDI, (the T denotes
the TripleSpec16 spectrograph to which it was coupled). An ear-
lier report2 describes the Doppler velocimetry, and this report
describes the spectroscopy.

This is the first time multiple delays have been used on star-
light to recreate a high-resolution spectrum. Previous EDI use on
stellar spectroscopy used a single delay.11 Multiple delays had
been used previously12 only on laboratory sources.

The TEDI project was designed primarily to test Doppler
measurements, and the selection of interferometer glass etalons
and observing schedule were prioritized for this purpose. These
were not optimal for testing high-resolution spectroscopy (hav-
ing a gap in coverage of delay space when contiguous coverage
is needed to avoid ringing in the lineshape). Nevertheless, the
preliminary results for high-resolution spectroscopy using
multiple delays are a resounding success in two important areas.

1.4 Resolution, Robustness Demonstrated

We have demonstrated on starlight that the EDI technique can
produce both high resolution, a factor of 4× to 10× beyond the
native spectrograph resolution of ∼2700, and have extremely
wide simultaneous bandwidth, limited only by the bandwidth
of the native spectrograph, in this case (0.95 to 2.45 μm).

Second, the native spectrograph in our study suffered from
extremely large and irregular PSF drifts that would normally

have precluded the high resolution we obtained, even if by
some other means the slit width and focal spot had been reduced
by several times and the detector pixel density increased. We
realize now that a great advantage of the EDI technique, espe-
cially when used with multiple delays rather than a single delay
as used previously, is an order of magnitude or more improve-
ment in the stability against PSF drifts.

We observe an approximate 20-fold decrease in the transla-
tional reaction of a ThAr lamp line to a translational insult
along the dispersion direction. This robustness to PSF errors is
explained theoretically and demonstrated with measurements.
A recently realized method of further reducing the PSF shift sen-
sitivity to zero is described theoretically and demonstrated in
a simple simulation which produces a 350× times reduction.

Third, we demonstrate EDI’s dramatic robustness to fixed
pattern (FP) noise such as from bad detector pixels. These pol-
lute the native spectrum but not the EDI-derived spectrum mea-
sured simultaneously.

The TEDI data set is instrument limited rather than photon
limited. A theoretical description of EDI photon-limited sensi-
tivity compared to other spectroscopy techniques is presented in
a companion paper.

2 How Externally Dispersed Interferometry
Works

The EDI technique uses a field-widened Michelson interferom-
eter (Fig. 1) crossed with (in series with) a dispersive spectro-
graph to heterodyne unresolvable narrow features to a detectable
low frequency moiré pattern. Detailed instrument description is
in Ref. 2 and instrument theory for a single delay spectroscopy is

Interferometer

Phase

Slit

fixed delay = 1,2,3...5 cm

Grating
spectrograph

Interferometer
transmission
comb

Absorption lines

λ

Moire pattern

(a) (b) (c)

Fig. 1 (a) The T-EDI interferometer (black and silver) sits atop TripleSpec (native) spectrograph (blue
cryogenic cylinder) which bolts to Cassegrain output (39 in. diameter cavity) of the Mt. Palomar 200 in.
mirror. (b) TEDI 2.01 intercepts starlight beam (1) heading for TripleSpec and uses a dichroic split input
tracking system (3) to mixing in ThAr lamp (5) to feed a symmetric, collimated interferometry cavity
(beamsplitter 10). One interferometer output (13) is dichroic split (14) to a sensitive chopped IR
diode (15) for flux maximization and a fringe tracking camera (16) for cavity nulling. The complementary
interferometer output (17) is open-path relayed (18, 19) to the TripleSpec slit. (c) Externally dispersed
interferometer (EDI) scheme—a fixed delay interferometer is crossed with a disperser. The sinusoidal
transmission of the interferometer creates moiré patterns whose phase encodes the Doppler velocity and
whose shape encodes the spectrum’s shape. (Schematic graphic from Ref. 1 reproduced with permis-
sion © The Astronomical Society of the Pacific. All rights reserved.)

Journal of Astronomical Telescopes, Instruments, and Systems 025004-2 Apr–Jun 2016 • Vol. 2(2)

Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .

We have made improvements (called 
Crossfading) that further boosts the 

robustness by 1 to 2 orders of 
magnitude

The basic EDI is 1 to 2 orders of 
magnitude more robust to wavelength 
drifts than grating spectrograph alone

1000x robustness demo’d in simulation

6 “High-resolution broadband spectroscopy using externally dispersed interferometry at the Hale telescope: Part 1, data analysis and results”, D.J. Erskine, J. Edelstein, et al., J. 
Astr. Tele. Instrm. Sys. 2(2), 025004 (2016). (https://doi.org/10.1117/1.JATIS.2.2.025004) 
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These Moire patterns have opposite slopes 
for high and low delay interferometers

Crossfading: Strategically weighted, we CANCEL net 
reaction to wavelength drift ∆x

2018 improvement: use PAIRS of slightly different delays to cancel drift error

7

(Blended)

The pair is 2 or 3 orders of magnitude more robust to wavelength drift ∆x 



Demo used real multiple-delay EDI data from Mt. Palomar, but artificially imposed 
∆x drift, showed 1000x smaller output wavelength drift than does conventional.

Demo: 1000x stability gain compared to conventional

8
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“A 1000x Stabler Spectrograph using an Interferometer with Crossfaded Delays”, David J. Erskine and Eric V. Linder, Opt. 
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2019, paper FW5b.3. FTS-2019-FW5B.3(SanJose).pdf
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Motivation

Astrophysics (cosmology, exoplanet search), biophysics (Raman 
spectroscopy), and general science need precision optical spectrographs,  
which are STABLE over long periods of time,  
light efficient, light weight, compact, inexpensive

DISPERSIVE (grating or prism) optical 
spectrographs are conventional.  
But for cosmology and exoplanet 
requirements are large, massive, and 
expensive

The conventional method:
A large dispersive spectrograph

$4 million, 8 tons, 5 m length
Drawbacks: high cost, large size & weight

Keck Obs. Spectrograph Res ~ 50,000

16

Susceptible to drift ∆x along 
wavelength axis of detector

9
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Susceptible to drift along wavelength axis of detector

Interferometer
fixed delay = 1,2,3...5 cm

Narrowband filter making 
light monochromatic

Interferometer

Constructive or destructive interference, 
depends on sin(2 π delay/wavelength)

Rejected light from 
complementary output

Very sensitive for small changes, but modulo 
wavelength ambiguity

Only 3 degrees of freedom to measure

Distorted peak from uncontrolled 
degrees of freedom

Absorption lines

Source

Slit

λ

Dispersive spectrograph

100s or 1000s of degrees of freedom to 
control or measure, 1 per grating groove

Assumes linear correspondence between 
detector pixel positions and wavelength
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Dispersive spectrograph have PSF drifts  
Impeding ~0.05 m/s Doppler goal

Instrumental 
noise floor

Instrumental drifts prevent reaching photon limited performance

Conventional high resolution spectrograph, for planet search

Curve should continue 
downward if no instrument drifts

Doppler Planet Search, conventional method for Earth-like’s:  
Requires high resolution dispersive spectrograph stable to  

~0.01 milli-pixel (0.03 m/s) over year long time scales
(based on typical 3 pixels per 10 km/s solar rotational linewidth)

(Earth produces ~0.1 m/s Doppler tug on sun)

HRS spectrograph at Hobby-
Eberly Telescope

1 millipixel ~ 3 m/s

0.01 millipixel ~ 3 cm/s

1 in a Billion dimensional stability required (0.03/3x10^8 = 10^-10, fractional wavelength Doppler change)

11



Detector manufacturing pixel registration irregularities 
(~milli-pixel) that are “baked in”

After 6 months, significant pixel shift due to large Doppler velocity change of 
Earth’s around sun

Detector Pixel Placement Error
generates a ∆x (i.e. ∆λ)
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∆x

Another problem:

Cannot be fixed by conventional mitigations (vacuum tank, 
thermal control, fiber scrambling)



Another way, but imperfect

PURE INTERFEROMETRY has the desired precision, compactness, low weight and 
inexpense, 
  
but has insufficient bandwidth for low flux astrophysical sources in visible light

Interferometer
fixed delay = 1,2,3...5 cm

Narrowband filter making 
light monochromatic
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Constructive or destructive interference, 
depends on sin(2 π delay/wavelength)
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wavelength ambiguity
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Distorted peak from uncontrolled 
degrees of freedom
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Dispersive spectrograph
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Dual outputs for high efficiency

Both complementary outputs can 
be directed to spectrograph for 

nearly ideal flux efficiency

Interferometers can be compact

14

Monolithic interferometers used 
by Nat. Sol. Obs. for Doppler

Few cm size



Solution:

A hybrid method DISPERSED INTERFEROMETRY (EDI)  
has been demonstrated for Doppler exoplanet search and high resolution spectroscopy

Combines precision and compactness of the interferometer with 
the high photon light efficiency of a grating

for Doppler radial velocimetry1–9 and high-resolution
spectroscopy.10–15 Other workers have adopted the EDI method
from our laboratories and demonstrated a Doppler planet
detection.5 We have demonstrated EDI in both applications in
the near-infrared at the Hale 5-m telescope at Mt. Palomar
Observatory (Fig. 1) with a version called TEDI, (the T denotes
the TripleSpec16 spectrograph to which it was coupled). An ear-
lier report2 describes the Doppler velocimetry, and this report
describes the spectroscopy.

This is the first time multiple delays have been used on star-
light to recreate a high-resolution spectrum. Previous EDI use on
stellar spectroscopy used a single delay.11 Multiple delays had
been used previously12 only on laboratory sources.

The TEDI project was designed primarily to test Doppler
measurements, and the selection of interferometer glass etalons
and observing schedule were prioritized for this purpose. These
were not optimal for testing high-resolution spectroscopy (hav-
ing a gap in coverage of delay space when contiguous coverage
is needed to avoid ringing in the lineshape). Nevertheless, the
preliminary results for high-resolution spectroscopy using
multiple delays are a resounding success in two important areas.

1.4 Resolution, Robustness Demonstrated

We have demonstrated on starlight that the EDI technique can
produce both high resolution, a factor of 4× to 10× beyond the
native spectrograph resolution of ∼2700, and have extremely
wide simultaneous bandwidth, limited only by the bandwidth
of the native spectrograph, in this case (0.95 to 2.45 μm).

Second, the native spectrograph in our study suffered from
extremely large and irregular PSF drifts that would normally

have precluded the high resolution we obtained, even if by
some other means the slit width and focal spot had been reduced
by several times and the detector pixel density increased. We
realize now that a great advantage of the EDI technique, espe-
cially when used with multiple delays rather than a single delay
as used previously, is an order of magnitude or more improve-
ment in the stability against PSF drifts.

We observe an approximate 20-fold decrease in the transla-
tional reaction of a ThAr lamp line to a translational insult
along the dispersion direction. This robustness to PSF errors is
explained theoretically and demonstrated with measurements.
A recently realized method of further reducing the PSF shift sen-
sitivity to zero is described theoretically and demonstrated in
a simple simulation which produces a 350× times reduction.

Third, we demonstrate EDI’s dramatic robustness to fixed
pattern (FP) noise such as from bad detector pixels. These pol-
lute the native spectrum but not the EDI-derived spectrum mea-
sured simultaneously.

The TEDI data set is instrument limited rather than photon
limited. A theoretical description of EDI photon-limited sensi-
tivity compared to other spectroscopy techniques is presented in
a companion paper.

2 How Externally Dispersed Interferometry
Works

The EDI technique uses a field-widened Michelson interferom-
eter (Fig. 1) crossed with (in series with) a dispersive spectro-
graph to heterodyne unresolvable narrow features to a detectable
low frequency moiré pattern. Detailed instrument description is
in Ref. 2 and instrument theory for a single delay spectroscopy is
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Interferometer
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comb

Absorption lines

λ

Moire pattern

(a) (b) (c)

Fig. 1 (a) The T-EDI interferometer (black and silver) sits atop TripleSpec (native) spectrograph (blue
cryogenic cylinder) which bolts to Cassegrain output (39 in. diameter cavity) of the Mt. Palomar 200 in.
mirror. (b) TEDI 2.01 intercepts starlight beam (1) heading for TripleSpec and uses a dichroic split input
tracking system (3) to mixing in ThAr lamp (5) to feed a symmetric, collimated interferometry cavity
(beamsplitter 10). One interferometer output (13) is dichroic split (14) to a sensitive chopped IR
diode (15) for flux maximization and a fringe tracking camera (16) for cavity nulling. The complementary
interferometer output (17) is open-path relayed (18, 19) to the TripleSpec slit. (c) Externally dispersed
interferometer (EDI) scheme—a fixed delay interferometer is crossed with a disperser. The sinusoidal
transmission of the interferometer creates moiré patterns whose phase encodes the Doppler velocity and
whose shape encodes the spectrum’s shape. (Schematic graphic from Ref. 1 reproduced with permis-
sion © The Astronomical Society of the Pacific. All rights reserved.)

Journal of Astronomical Telescopes, Instruments, and Systems 025004-2 Apr–Jun 2016 • Vol. 2(2)

Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .

Interferometer has only 3 degrees 
of freedom

Much easier to measure a precise 
wavelength15

EDI instrument lineshape



Unblurred case (high res spectrograph)

Blurred case (low res spectrograph)

Interferometer comb is tilted here (phase varies spatially across slit) 
to aid visualization

High resolution spectrographs not necessary to measure small changes in wavelength

16

Moire effect allows use of lower resolution gratings

(The interferometer comb does not need to be resolved)
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Sunlight (phase is artificially dithered to simulate Doppler)

Measured sunlight and iodine data 1998

White light through iodine cell

Relative phase shift of (sunlight - iodine) reveals solar motion, independent of 
interferometer delay drift

18
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1998 single-delay EDI on sunlight, in open air (!) 
without vacuum tank or thermal control
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the native spectrograph PSF along the dispersion direction on
the detector, producing a perceived shift Δν in the final
output spectra. We define a translational reaction coefficient
(TRC) ≡Δν∕Δx. For a conventional dispersive spectrograph,
TRC ¼ 1.

For a single delay EDI, the TRC is smaller than unity by
a factor of several, and can be zero, depending on the shape
of the spectrum where TRC is being evaluated. For example,
at an isolated narrow feature such as a ThAr line, it is zero.
This is because the moiré pattern has a phase which has no
slope along the dispersion direction, so translating the moiré pat-
tern does not change the perceived phase, and hence perceived ν.

However, for a pair or more of lines that are partially blended
together by the native blur, there can be a slope to the moiré
pattern. This slope, acting against a translation Δx, can produce

a phase change which leads to a nonzero TRC (but still much
smaller than unity by a factor of several). How TRC behaves on
average for an arbitrary spectrum is best seen in Fourier space,
by multiplying the peak shape at a delay τ of psfðρ − τÞ by a line
ðρ − τÞ running through the center of the peak [Fig. 40(b)].
A similar line ðρ − 0Þ runs through the native spectrograph
psfðρÞ in (a) to calculate its reaction to Δx. We have colored
green similar regions of ρ in the panels to suggest how the
net reaction for the native spectrograph (a) is several times
that of the EDI peak in (b), because the location of multiplier
line is at much higher ρ for the EDI, because the heterodyning
effect moves it, along with the peak, to be located at ρ ¼ τ.

Figure 40 is notional and does not yet multiply the peak
shape against the line. That is done in Fig. 41(a). This latter
graph actually depicts the net reaction (bold black curve) for

Fig. 33 EDI is robust to FP errors that afflict the native spectrum, such as the false peak at 5015 cm−1

(a) caused by a bad pixel (1,637,985) shown in raw 2-D data (b) of A-order. The EDI result (red curve)
does not respond to this bad pixel because it does not vary sinusoidal with phase in the 10 exposures.
(c) Another example is at extreme red end of the A-order (<4200 cm−1). The EDI is able to detect two very
weak ThAr lines at 4172 and 4193 cm−1, whereas the native spectrum is not. Intensity axis is fraction of
the 4849 cm−1 line.

Journal of Astronomical Telescopes, Instruments, and Systems 025004-26 Apr–Jun 2016 • Vol. 2(2)

Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .

EDI is robust to bad pixels and other FIXED PATTERN (FP) errors 
because it dithers between 3 exposures comparing differences

20

Only the EDI curve (red) agrees with ThAr model (black dashes)

The conventional spectrograph (green) was completely obscured by FP noise

Another practical benefit of EDI:



Exoplanets have been discovered with EDI technique in 2005* (HD102195) and 2016** 
(HD87646)

Cover of J. Astr. Tele. Instr. Sys. In 2016
RD100 innovation award in 2006

*J. Ge, J. van Eyken, S. Mahadevan, C. DeWitt, et al., “The first 
extrasolar planet discovered with a new-generation high-
throughput Doppler instrument,” ApJ 648, 683–695 (2006), astro-
ph/0605247.

**B. Ma, J. Ge, et al., “VERY LOW-MASS STELLAR AND 
SUBSTELLAR COMPANIONS TO SOLAR-LIKE STARS FROM 
MARVELS. VI. a GIANT PLANET AND a BROWN DWARF 
CANDIDATE IN a CLOSE BINARY SYSTEM HD 87646,” 
Astronomical Journal 152, 112 (2016). 
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ISOLATED spectral lines are extremely stable with EDI under ∆x driftExample EDI data

Sunlight

Iodine

28

22

Motivation for the 2018 Crossfading improvement

Since input spectrum is married to 
interferometer transmission comb  
and drifts same amount on detector 
horizontally



Example EDI data

Sunlight

Iodine

28

23

Problem: BLENDED lines produce a 
small phase reaction to a ∆x drift 

(This reaction for EDI is already ~10x smaller 
than for conventional spectrographs). 

But we discovered we can make it even 
smaller with crossfading!)

Motivation for the 2018 Crossfading improvement



Example EDI data

Sunlight

Iodine

28

Motivation: Blended features can convert an instrumental 
wavelength shift into a phase error

“Smile” feature is a set of blended lines
Slopes in the Moire are the problem

24
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For ISOLATED stellar lines there is near-zero EDI reaction

Conventional 
reacts worse to ∆x

Because signal frequencies are smoothly distributed 
around sensitivity peak, and reaction is bipolar

Case: isolated feature
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Problem: For BLENDED features EDI has nonzero 
reaction (but still smaller than conventional)

Conventional is 
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Asymmetric frequency 
distribution spoils 

cancellation

Case: blended feature



Spectral feature
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These Moire patterns have opposite slopes 
for high and low delay interferometers

Crossfading: Strategically weighted, we CANCEL net 
reaction to wavelength drift ∆x

2018 Solution: use PAIRS of slightly different delays to cancel drift error
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(Blended)

The pair is robust to wavelength drift ∆x 
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X-fading concept realized in 2014, 3 years after EDI data taking 
ended in 2011.  X-fading software made practical by 2018.30

X-fade region

Frequency response of X-EDI

(Blended)

The pair is robust to wavelength drift ∆x 

Solution: Crossfading between two or more overlapping delays



Means for achieving simultaneous drift ∆x on all delays

Blueprint 3delay Side pat.can 6/03

Side view

Intrf.

τa=0.3 cm
τb=0.6 cm
τc=0.9 cm etc.

Grating
spectrograph

 λDelays

Slit
Relay
lens

CCDStepped etalon
Stepped mirror

Simple change: make a stepped mirror

Scheme for an interferometer with multiple pairs of simultaneous 
delays, since ideal crossfading cancellation requires the same drift for 
each of the two delays.

(Etalons are glass slabs creating delay) 
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The high and low frequency portions of sensitivity peaks twist phase in 
OPPOSITE directions, under wavelength drift ∆x

Doing dumb-simple addition can 
partially cancel the net phase rotation
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(b) Virgin: no drift ∆x

V2V1

(c) Unweighted, under drift ∆x
Phase error

V2V1

No phase error
(d) Weighted to cancel drift ∆x

(This is called “accidental” X-fading)

(Tau means “delay”)

32

(1998)

No drift ∆x case         The two vectors align
Frequency response of X-EDI
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(b) Virgin: no drift ∆x

V2V1

(c) Unweighted, under drift ∆x
Phase error

V2V1

No phase error
(d) Weighted to cancel drift ∆x

Doing a weighted sum can perfectly 
CANCEL the reaction to ∆x

(This is called “strategically weighted” X-fading)

(Tau means “delay”)
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(1998)

(2018)

No drift ∆x case         

The high and low frequency portions of sensitivity peaks twist phase in 
OPPOSITE directions, under wavelength drift ∆x

(or “special weighting”)

The two vectors align
Frequency response of X-EDI
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scope at Mt. Palomar Obs.9–11 Software and the-
ory development continued through 2014. The
LLNL PI’s EDI optics lab remains at SSL.

The EDI dramatically improves stability for
isolated spectral lines (features), because both
the feature and the sinusoidal interferometer trans-
mission comb drift by the same �x. The phase
of the so-produced moire pattern thus stays the
same.

However, most practical spectra consist of
blended features where multiple lines are par-
tially blurred together. The moire patterns have
an irregular polarity wavelength dependent slant
(that averages to zero). Thus detector drifts can
induce erroneous phase shifts.

1.3 Crossfading-EDI 2014-2018

Recently (2014-18) we have theoretically solved
this problem (!) in a process called crossfad-
ing (Sect. 10 of Ref. 10) where *pairs* of over-
lapping delays are used (Fig. 5, 6), instead of a
single delay, and strategically weighted (Fig. 7,
8) during analysis to cancel the net phase shift.
In simulations we have achieve 1000x stability
boost (Fig. 9), as well as a resolution boost of
several times. However this was discovered af-
ter data taking ended in 2011 at Mt. Palomar, so
crossfading has never been experimentally tested
where the same physical insulting drift is ap-
plied to two delays and their net reaction mea-
sured.

Unweighted delays were implemented in sim-
ulations in 2014 and delivered 20x improvement
(Fig. 8 upper). This matured into the crossfad-
ing technique of multiple weighted delays with
1000x improvement (Fig. 9) in 2018.

The proposed crossfading-externally dispersed
interferometer (X-EDI) cancels the net *reac-
tion* in the output spectrum to �x by us-
ing interferometer fringe phase to compute
the output spectrum, combining fringe sig-
nals from a pair of delays that react in oppo-
site directions to the same �x. Let the output

Blueprint 3delay Side pat.can 6/03

Side view

Intrf.

τa=0.3 cm
τb=0.6 cm
τc=0.9 cm etc.

Grating
spectrograph

 λDelays

Slit
Relay
lens

CCDStepped etalon
Stepped mirror

Simple change: make a stepped mirror

Fig 6 Scheme for an interferometer with multiple pairs of
simultaneous delays,10, 15 since ideal crossfading cancel-
lation requires the same drift for each of the two delays.

spectrum reaction ��out per applied insult shift
at the detector �x, be

��out = �x ⇤ TRC (1)

where the Translational Reaction Coefficient (TRC)
is unity for a conventional spectrograph. Theo-
retically, crossfading achieves TRC = 0, mean-
ing perfect independence from drifts. Realistic
simulations have so far achieved TRC ⇠0.001,
a 1000x stability gain (= 1/TRC).

Furthermore, this stability gain multiplies that
obtained from conventional mitigations, so adding
an EDI to an existing conventionally stabilized
spectrograph is beneficial when instrument noise
limited, in addition to EDI’s resolution enhance-
ment8, 10 of 2x to 20x. (Diminishing both �x
and TRC always reduces the product �x⇤TRC.)

2 Project Plan

2.1 Goals and Scope

Benchtop tests in the optical lab of the PI and
collaborator at UC Space Sciences will be quick-
est and least risky, since SSL has built and oper-
ated several EDI’s and has access to enthusiastic
UC students.

We plan laboratory tests, not requiring ob-
servatory operations. The LLNL PI moved his
EDI optics lab to SSL after the 1998 LDRD dur-
ing a sabbatical in 2000 and it remains there,

Traditional & X-EDI, stability gains MULTIPLY their benefits

Traditional mitigations reduce the 
wavelength shift ∆x

X-EDI reduces reaction to ∆x 
in the processed output

Using BOTH traditional mitigations and EDI is optimal

(TRC = Translational Reaction Coefficient)

TRC = 1 without X-EDI, 
TRC ~ 0.01 to 0.001 with X-EDI
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14.5.1 Use with a single delay overlapping native peak

An especially interesting case is for the configuration of a single delay, which has a small enough
delay that it partially overlaps the native spectrograph response peak. (This is the normal configu-
ration of an EDI doing simple resolution boosting, and for many EDI’s that have in the past done
Doppler velocity measurements. In this configuration the periodic interferometer comb is resolved
or partially resolved, not completely blurred out.)

This configuration is especially technologically important because the native spectrum and the
fringing spectrum are measured simultaneously on all time scales including the most rapid– the
analysis software separates from the raw fringing spectrum the purely fringing component from
the nonfringing (ordinary spectrum) component. The native spectrograph response peak is at lower
frequency and overlaps with the fringing peak. Thus we could perform a crossfading to stabilize
the resulting spectrum, but initially only for the frequencies from zero up to the delay. However,
once the position of the spectrum is learned from the lower frequencies, this shift can be applied
to correct the high frequencies as well.

15 Discussion on Combining Conventional and EDI Stability Boostings

15.1 Conventional Stability Boost

Conventional means for mitigating PSF drift include thermal control, vacuum tanks, adaptive op-
tics, fiber optic scramblers, and laser frequency comb calibrants. But often these are expensive or
heavy, precluding airborne or space-borne platforms.

These measures reduce the “insult”, ��insult, which reduces the error in the final spectrum. For
purely dispersive spectrographs,

��final = ��insult, (12)

since the spatial scale of the detector is directly linked to the final spectrum.

15.2 EDI Stability Boost

Hence with EDI we can have a final drift that is much smaller than the insult

��final = ��insult/GEDIstability (13)

where GEDIstability is called the stability gain and can be a large number such as 100 to 1000. (In
a prior publication we have described a Translational Reaction Coefficient, TRC, where

��final = ��insult ⇤ TRC (14)

where TRC is the amount of shift in the final spectrum per insult shift. The TRC = 1/GEDIstability.
In our interferometric method, we have demonstrated TRC as small as 0.001 for measuring a single
spectral line. Theoretically TRC could be zero, but nothing is perfectly zero in real life, and we are
still exploring how small it can be.

**Custom
��out = �x ⇤ TRC (15)

��out = �x ⇤ 1 (16)

��out = �x ⇤ 0.001 (17)

(Conventional spectrographs)

(EDI with multiple delays)



Demo used real multiple-delay EDI data from Mt. Palomar, but artificially imposed 
∆x drift, showed 1000x smaller output wavelength drift than does conventional.

Demo: 1000x stability gain compared to conventional
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Dual outputs for high efficiency

Path forward: We envision small inserts 
temporarily added like a filter to existing 

observatory spectrographs

36

Few cm size
Insert interferometer in front of 
existing grating spectrographs

Move into beam- observe- 
move out of beam 

Does not prevent regular 
observations

Reference spectra such as 
ThAr lamp or iodine

Several intrf. having different delays could be 
mounted on a “filter wheel”



In some interferometers we make phase 
uniform across beam

Take four 90 degree shifted exposures

This allows use with narrow 
beams such as echelle grating 

spectrographs at Lick Obs (2003), 
Mt. Palomar (2008-11)

8

Intrf at Lick blurred.can 8/03

30 cm

Spectrograph slit down here
(hidden by equipment)

 Default starlight beam path

Plate holding optics: (steering
mirrors, interferom., TV camera,
laser probe)

 Interferometer cavity

Lick - Hamilton feed
(single output)

 Na doublet

On Telescope: EDI Echelle Spectroscopy 

.

6870686968686867
Wavelength (Å)

Theory

R=100k

R=50k

0

1

In
te

n
s
it
y
 (

R
e

l.
)

Without EDI

With EDI

α-Virgo at Lick echelle

0

1

In
te

n
s
it
y
 (

R
e

l.
)

Echelle 
Data: 
Interferome
ter fringes 
beating 
with a 
sample of 
echelle 
spectrum 
orders
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- one  order

In 2002-3, we took EDI data at Lick Obs. Hamilton 
spectrograph, famous for exoplanet discoveries

We temporarily inserted an EDI intrf into beampath between 
telescope and spectrograph slit

After data processing, a 2x resolution boost was 
demonstrated— (Astrophysical Jrnl 592, L103, 2003)

We propose to apply X-
EDI software to re-

analyze this data, as 
COVID Risk Mitigation

But also because it is 
technologically 

important and rapid 
milestone to achieve
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A resolution boost of 2x was 
demo’d with a single delay, and 

10x using multiple delays

37

We have already tested EDI at facility instruments



Done with main talk



Others slides for questions
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Fig. 31 Comparing the native spectra (star + ThAr lamp) of the disputed A-type star HD962 (bold black)
with three other “featureless” (B and A type) stars (thin blue, red, green for HR1178, gam Oph, HD7891),
and with K-type star HD219134 (thin black) shows that the disputed star is more similar to the K-type star
regarding the narrowest stellar absorption lines (such as at 9450 cm−1). However, there is a wider feature
at 9140 cm−1 in the undisputed A stars that is weakly evident in the disputed star and not in the K-star.
Curves are vertically offset for clarity, and the original continuum intensities for a single phase stepped
exposure are 13.5k, 75k, 26.5k, 7.4k, 28.5k counts, for HR1178, GamOph, HD7891, HD962, HD219134.
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Th line heights: our 
lamp much weaker

Ar line heights: good agreement
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pollutes native spectrum but not EDI result

Ar I
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Fig. 32 Measurement (red curve) of our ThAr lamp to a 6× boosted resolution of 19,000, compared to
NIST measurement20 of a different ThAr lamp blurred to same resolution (black dashes), D-order. Purple
text is their assignment of species. Native spectrograph (green curve) has resolution ∼3300. Note dis-
agreement in heights of Th lines, whereas Ar lines agree well, due to individuality of each ThAr lamp.
Note extremely high dynamic range of measurement—∼0.1% lines are easily observed (heights are frac-
tion of 9548cm−1 line). The EDI curve is robust to FP noise such as false peak in the native spectrum at
9174 and 9214 cm−1 due to bad pixels at X ¼ 1033 and 1066 (inset shows detector there). Bad pixels
are constant and thus do not affect whirls which look at changes between exposures.

Journal of Astronomical Telescopes, Instruments, and Systems 025004-25 Apr–Jun 2016 • Vol. 2(2)

Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .
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Bad 
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0.1%
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BAD PIXELS do not produce peaks in EDI (red) curve,  
only in conventional (green)

EDI is robust to bad pixels and other fixed pattern errors because it 
dithers between 3 exposures comparing differences


